The isothermal gas-liquid chromatographic Kovats retention index and an infinite dilution equilibrium fugacity model are combined to arrive at an expression relating the Kovats indices and the McReynolds numbers of a series of compounds to their isothermal pure liquid vapour pressures. This novel expression is the basis for ultra-low vapour pressure determination at environmentally relevant temperatures of pure organic (sub-cooled) liquids by routine gas-liquid chromatography on a non-polar stationary phase. Examples of the potential of the method are given for chlorobenzenes and chlorophenols.
Introduction
The vapour pressure of a compound is a physico-chemical property important for, e.g., the assessment of its fate in the environment [l] . The latter demands (sub-cooled) liquid vapour pressure data at environmentally relevant temperatures, often lying below the compound's melting point. Experimental data on vapour pressures for series of compounds are required for the development of quantitative structureactivity relationships (QSARs) for vapour pressure, heat of vaporization and Henry's law constants [2] .
In order to measure vapour pressure, gas saturation, effusion and gas-liquid chromatographic (GLC) methods can be used. GLC methods have several advantages over the other * Corresponding author. methods [3] . They are not sensitive to volatile impurities, can be carried out with only small amounts of compound, are fast and require less care in obtaining accurate and reproducible results.
GLC can separate compounds with different volatilities in the liquid stationary phase. The volatility or retention of a solute depends on both its activity coefficient in the stationary phase and its vapour pressure in the pure liquid state [4] . The measurement of a single GLC retention parameter produces only one data point, which therefore is insufficient for the purpose of vapour pressure determination.
In addition, the value of the activity coefficient (measured or estimated) is required.
Several attempts have been made in order to solve this fundamental problem [3, . In all instances relatively non-polar stationary phases and one or more reference compounds with known vapour pressures have been employed. 0021-9673/94/$07.00 0 1994 Elsevier Science B.V. All rights reserved SSDZ 0021-9673(94) The basic expression for most of these determii and z forms part of a larger number of nations is the Hamilton equation [7] : necessary assumptions.
In P, = (AH, /AH,) In P, + C where 1 refers to the compound under investigation and 2 to the reference compound, P and AH are the vapour pressure and heat of vaporization, respectively, and C is a constant. The Kovats index used in this method expresses the specific retention time or volume of a compound i relative to two n-alkanes with z and z + 1 carbon atoms, eluting before and after the compound, respectively 191:
The method includes main assumptions on the combination of the Kovats index and an infinite dilution equilibrium fugacity model, ratios of activity coefficients of solute/n-alkane (-y,/y,) and subsequent n-alkanes (-yz+,/rz) and the temperature dependence of the Kovats index. These assumptions will be described below along with a summary of the procedure in order to obtain vapour pressures. (1)
Kovrits index and infinite dilution equilibrium fugacity
The authors [S] did not explain how the pertinent correlation equation can be derived from this definition.
However, it will be shown here that a constant ratio of the activity coefficients of The Kovats index of a compound i is defined according to Eq. 1. By definition the term 100~ is the Kovats index Z: of an n-alkane with 2 carbon atoms. Instead of the specific retention volume, one may use other retention parameters in this equation such as the net retention times I, ~-f,,, f, -t, and t, + , -f,, or the capacity factors (t,t,)lt,,. etc., provided that a constant carrier gas flow-rate is applied [4]; t, is the dead retention time of a non-sorbed compound, representing the passage of this compound through the column, including extra-column inlet and outlet spaces. The equilibrium fugacity model states that the ratio of the mole fraction yi and xi in the carrier gas and stationary phase, respectively, is proportional to the activity coefficient -yi and the vapour pressure Pi of the incompressible pure liquid compound i [4]:
where P, is the (mean) carrier gas pressure; 'yi = 1 for pure liquids and ideal solutions. It is assumed that the pure vapour and the vapour-carrier gas mixture both exhibit ideal behaviour or both exhibit identical non-ideal behaviour.
In order to derive an expression for the Kovats index as a function of activity coefficients and vapour pressures, we proceed as follows. It can be shown that at infinite dilution the capacity factor is inversely proportional to the ratio yilxi (or volatility) of compound i in Eq. 2 [4] . The same holds true for the n-alkanes z and z + 1. Substitution of these relationships between volatility and capacity factor into Eq. 2 yields relationships between capacity factor and activity coefficient plus vapour pressure. After subsequent substitution of the latter relationships into Eq. 1, one ultimately arrives at zi = z, + lOO(log y,P,log yiPi)l(log y,P* -1% Yz+,P*+,)
In Eq. 3, both the vapour pressures and the activity coefficients are temperature dependent. In addition, the activity coefficients depend on the nature of the stationary phase. Thus the Kovats index is dependent on both temperature and the nature of the stationary phase.
Ratios of activity coefficients for homologous series
Eq. 3 does not solve the fundamental problem described in the Introduction. This problem will be approached here through the assumption that ratios between activity coefficients (x/y, and y,+ 1 /y,) are constants for (homologous) series of related compounds.
First, a simple and accurate log-linear regression relationship, log P, = log PH2 + (d log P,l dz)z, exists between the liquid vapour pressure and carbon number z of an n-alkane [H(CH,),H]
[13] that can be written in terms of its Kovats index:
where PH, is the vapour pressure of liquid hydrogen (z = 0). Application of Eq. 4 to both n-alkanes z and z + 1 yields a simple expression for log (P, lP,+ 1). In Table 1 values of the regression coefficients and vapour pressure ratios for n-alkanes at different temperatures are given, based on Antoine constants derived from experimental vapour pressure data [ll] . The lower the temperature, the larger is the decrease in vapour pressure with increase in carbon number and the higher is the vapour pressure ratio between two subsequent n-alkanes. The maximum errors in the slope and intercept of Eq. 4 amount to 1% and 0.5%, respectively.
Second, an evaluation of the ratio y, /Y,+~ at 120°C reveals that this ratio can be approximated by 1 (y, = Y~+~) within an overestimation error of 2-B% depending on the nature of the stationary phase. The results of this evaluation are given in Table 2 . They were obtained by evaluating net retention data for n-alkanes at 120°C [lo] using the relationship (ti -t,,)l(t, -to) = (y,P,)l(y,P,) 
Finally, an assumption has to be introduced regarding the ratio y,Iy, in Eq. 5. This can be -(d log P; idl;) AZ
The activity coefficient ratios at 120°C of compounds containing typical functional groups can be evaluated using data from McReynolds [lo] and Eqs. 5 and 6 (see Table 3 ). McReynolds measured the Kovats indices of 68 compounds on 25 liquid phases and selected the ten most characteristic compounds to give the best prediction of the Kovats index on different stationary phases.
For these ten compounds the Kovats index was measured on more than 200 liquid phases. For chlorinated compounds (e.g., chlorobenzenes) 1-iodobutane is the best compound to predict Kovats indices, whereas for alcohols (e.g., phenols) 2-methyl-2-pentanol is the better predictor [Y]. In addition, AZ and 'yi iy, values are considered to be temperature independent. As 
Kovcits index and temperature
From Eq. 3, it follows that the Kovats index will be a complicated function of temperature. However, a simple linear relationship was given by Kovats [9]: Ii = (dZJdT)T + I,,
In Eq. 7, the intercept Ii0 is the Kovats index at T = 0°C. In Table 4 , Eq. 7 is evaluated using Kovats indices for chlorobenzenes at 140, 160 and 180°C on non-polar SE-30 and polar Carbowax 20M stationary phases.
The difference in temperature dependence of the Kovits index (i.e., the difference in the slope dZildT; see Table 4 ) on two stationary phases can only originate from different temperature dependences of the activity coefficients in Eqs. 3 and 5. The Kovats index on the non-polar SE-30 stationary phase shows the best linear behaviour (lowest errors in slope and intercept).
According to Kovats [9] , an inversion of the elution sequence of compounds when extrapolating from Z,(T) to Ii0 normally does not occur. dZildT values are small for most compounds and constant over a wide range of temperatures. Errors resulting from extrapolation over 100°C amount to a few Z units at the maximum. From Fig. 1 , it can be inferred that inversion occurs only for 1,Zdichlorobenzene with respect to the 1,3-plus 1 ,Cisomers.
Determination of pure liquid vapour pressure using the Kovbts index
On the basis of Eq. 5, a general procedure can be described for the determination of the vapour pressure of compound i (Pi) or of a series of related compounds at a particular temperature (T'). Table 3 .
The final step is the calculation of the vapour pressure at the desired temperature inserting I,, log PI*:. d log PZ/dlL and log (y,iy,) in Eq. 5.
Determination of the vapour pressures of chlorobenzenes and chlorophenols

Validation of the method
The procedure described in the previous section can be validated by comparison of vapour pressure values obtained in this way with vapour pressure data obtained independently via other methods.
Especially the fourth step in our procedure is associated with several uncertainties with respect to the choice of the proper model chemical and the availability of data at only one temperature (120°C). Experimental vapour pressure data suitable for this purpose are available for chlorobenzenes and chlorophenols [ 141. For these compounds we can use Kovats indices already available in the literature 112,131 in order to obtain vapour pressure values determined via our method.
Vapour pressure and heat of vaporization of chlorobenzenes at 25°C
The vapour pressures of (sub-cooled) liquid chlorobenzenes at 25°C were determined accord- Table 3 .
Vapour pressure of chlorophenols at 160°C
The (sub-cooled) liquid vapour pressures of phenol and nine chlorophenols at 160°C were determined according to our method with the help of Eq. 5. Experimental Kovats indices on SE-30 stationary phase at 160°C were available in the literature [13] and no extrapolation was required or possible. Values of the regression coefficients d log P,/dl, and log PI,, at 160°C were taken from Table 1. The log (y, iy,) value of 2-methyl-2-pentanol at 120°C on SE-30 from Table 3 was used. The results are given in Table  6 . With respect to isomer sequences, the results are better than those for the chlorobenzenes. The reason is probably the smaller extent to which temperature effects are present. Apparently the AI and y,!y, values are temperature independent.
Except for the inversion for phenol and 2-monochlorophenol, and to a lesser extent also for the two trichlorophenols, the isomer values show a sequence similar to that of the literature data. 
Discussion and conclusions
A method was developed for the determination of the (sub-cooled) liquid vapour pressures of low-volatility compounds or series of compounds at environmentally relevant tem- peratures.
The results obtained for chlorobenzenes and chlorophenols according to this method are within 3-51% of values obtained by other methods with an average deviation of only 19%. These deviations are considered to be acceptable in view of the available data on the accuracy and reproducibility of other methods [3, 15] . Remaining uncertainties are associated with the extrapolation of Kovits indices from the temperature region of their measurement to environmentally relevant temperatures and with the selection of McReynolds model compounds for log (r,lx) values at suitable temperatures. The method can be improved with respect to these uncertainties. After these improvements it will probably be sufficiently accurate to distinguish between isomers in a completely reliable way.
The uncertainties associated with the current method are present in other GLC methods to an even greater extent. In GLC methods based on the Hamilton This assumption has not yet been validated and is only treated implicitly in this method. In the present method a constant value, different from 1, is assumed for the ratio x/y, of the activity coefficient of compound i and the reference n-alkane z, eluting close to compound i. Moreover, this value is treated explicitly and therefore is open to improvement. It is interesting to note an example of the use of the Hamilton method with two reference n-alkanes (octadecane and eicosane) [3] . The present method, using an extensive series of n-alkanes, can be considered as a further development of this idea. Finally, the present method can be compared with the use of a direct correlation equation relating the Kovats index at 200°C to the vapour pressure at 25°C as mentioned in the Introduction [8]. One may ask which further assumptions have to be introduced into Eq. 5 in order to arrive at a simple direct correlation equation. After application of Eq. 5 at 25°C and substitution of Eq. 7 [1,(25"C) = li(200"C) -(dl,/dT) (200 -25)], it follows that in addition to the independence of d log P,ldI, of z and yilyi of z and i, dZ,/dT also has to be independent of i. The first two requirements are also included in our method, whereas the last is not. From Table  4 , it can be seen that large differences between dI,/dT values for different congeners exist and that, as a consequence, this requirement cannot be fulfilled. This may lead to erroneous predictions if isomer sequences of vapour pressures in the case of inversion of Z,(T) values within the pertinent temperature range. Non-linear correla-tion equations are currently in use that apply much less drastic assumptions [2] . In addition, the direct correlation equation can be used only when several vapour pressure values of compounds belongi& to the series are already known.
